Abstract
advantages compared with conventional methods. In particular, it has low capital and operational costs [8] , low energy consumption [9] and high overall separation factors [10] . Moreover, HFSLM is also easily scalable [11] and it can improve the lifetime of the liquid membrane system due to their hydrodynamic characteristics [12] . Many works concerned with simultaneous extraction and recovery of metal ions via HFSLM have recently been reported [13] [14] [15] .
The main objective of this work is to report on the simultaneous extraction and recovery of trace Pd(II) in chloride media from gold-refining plant wastewater via HFSLM in a single operation. The various effects of the parameters on the percentages of Pd(II) extraction and stripping such as types of extractants, stripping agents and different diluents were investigated.
II. THEORY

A. Transport of Pd(II) across the Liquid Membrane Phase
The general reaction of Alamine 336 is presented below in two steps: protonation and exchange Protonation reaction:
Exchange reaction:
Alamine 336 in the presence of the selected diluent is trapped in the hydrophobic micropores of the hollow fibers as the liquid membrane. The feed and stripping solution, having a capacity for palladium ions and the mixture of thiourea and hydrochloric acid utilized as the stripping phase, is normally circulated counter-currently through the tube and shell sides of the hollow fiber module. The transport of palladium ions is illustrated in Fig. 1 . 
III. EXPERIMENT
A. Feed and Stripping Solution Preparation
Alamine 336 (trialkyl (C8-C10) amine) was obtained from Cognis Company. Aliquat 336 is a commercial extractant containing a mixture of C8 (octyl) and C10 (decyl) chains with C8 predominating. The pH of the aqueous feed solution was adjusted by hydrochloric acid from Qrec (USA). All other chemicals such as thiourea (NH 2 CSNH 2 ) from RFLC (New Zealand), sodium perchlorate (NaClO 4 ) from ACROS (USA), sodium hydroxide (NaOH) and sodium thiosulfonate (Na 2 S 2 O 3 ) from Merck Ltd (Germany) were used as stripping solutions.
Hexane, cyclohexane, benzene, 1, 2-dichloromethane and chloroform without further purification, supplied by Sigma-Aldrich, were used as diluents. All substances used were of analytical grade. Doubly deionized water was used throughout the experiments.
The wastewater from the gold-refining plant containing several metal ions as shown in Table I with the original pH value (6-7) was used as feed solution. 
B. Apparatus
A microporous polypropylene hollow fiber module (Liqui-Cel®Extra-Flow 2.5 in.×8 in. membrane contactor, Hoechst Celanese, USA) was used to prepare the HFSLM system. The specifications of the module are given in Table II . 
C. Procedure
The single-module operation in recirculation mode is set up in Fig. 2 . At first, the liquid membrane is prepared by mixing Alamine 336 dissolved in kerosene. Then, it is circulated into the lumen and shell sides of the HFSLM system for at least 50 min to ensure the complete soaking of membrane pores. The excessive liquid membrane is completely washed out with sufficient distilled water for 10 min, prior to the pumping of the feed and stripping solutions into the HFSLM system. Thereafter, the feed solution was pumped counter-currently into the lumen side, and at the same time the stripping solution was passed through the shell side. The metal ions from the aqueous solution were transported across the liquid membrane to the stripping phase and were collected in the stripping reservoir. The flow rate for both feed and stripping solutions was kept the same in all experiments. 
IV. RESULTS AND DISCUSSION
A. Influence of Types of Extractants
From the previous literature reviews, Aliquat 336 [17] and Alamine 336 [16] , [18] showed high performance in the extraction of Pd(II). Consequently, these extractants were selected to investigate the selective extraction of Pd(II) from the feed solution. The experiment was carried out by using a single-module hollow fiber with the mixture of thiourea and HCl as stripping solution. As shown in Fig. 3 , Alamine 336 was the most suitable extractant for the selective extraction of Pd(II) at pH 2 of the feed solution. This corresponded to the fact that Alamine 336 is a basic extractant which reacts well with anion of 2 4 PdCl  at pH 2 of feed solution. The previous report was reported by P. P. Sun, M. S. Lee [19] , regarding the separation of platinum and palladium from chloride solution by solvent extraction, using Alamine 336 as an extractant. The results indicate that 99.9% purity of platinum was obtained at the optimizing conditions. However, more steps in the extraction and recovery, high energy consumption are required. Moreover, this system is still suffered from the separation difficulty of aqueous phase and organic phase. 
B. Influence of Types of Stripping Agents
A number of stripping agents were used for Pd(II) stripping from a complex species. Certainly, the fundamental principle is dependent on the characteristics of the selected extractant. In this work, the investigation of stripping agent influence on Pd(II) stripping from the membrane phase was carried out by testing stripping agents which were able to form complex species with Pd(II) strong enough to strip Pd(II) from Alamine 336 chlorocomplex. The stripping agents selected -H 2 SO 4 , HCl, NH 2 CSNH 2 , NH 4 Cl and a combination of NH 2 CSNH 2 and HCl -were chosen because of their Pd(II) stripping efficiency. The results as shown in Fig. 4 
C. Influence of Diluents
Diluents e.g. hexane, cyclohexane, benzene, 1,2-dichloromethane and chloroform were investigated using Alamine 336 as an extractant via HFSLM in a single operation while keeping the pH value of the feed solution at 2. Polarity parameters were taken into consideration in order to select diluents for Pd(II) extraction and stripping as well as to enhance membrane stability as shown in Table III . As reported in Table III , the extraction and stripping performances of the different kinds of organic diluents was quite high. The results showed that 1, 2-dichloromethane gave the highest percentage of extraction reaching 73.2%, with a relative error of approximately 1.5%. 
E. Reproducibility of the HFSLM System
The reproducibility of the HFSLM method, impregnated with Alamine 336 was studied by performing five replicate transport experiments. The relative standard deviation was found to be ± 2%. Thus, it can be concluded that HFSLM is an efficient and reliable system for the extraction and stripping of Pd(II) in chloride media.
V. CONCLUSIONS
Alamine 336 and a mixture of thiourea and hydrochloric acid were used as an extractan and a stripping agent, respectively. Pd(II) was successfully separated from the feed solution under optimum conditions. Percentages of Pd(II) extraction and stripping were achieved reaching 95% and 88% respectively. Therefore, the HFSLM method can be successfully applied for the extraction and stripping of Pd(II) from the gold-refining wastewater (GRW).
